We propose the nested blocks and guidelines model for the design and validation of visualization systems. The nested blocks and guidelines model extends the previously proposed four-level nested model by adding finer grained structure within each level, providing explicit mechanisms to capture and discuss design decision rationale. Blocks are the outcomes of the design process at a specific level, and guidelines discuss relationships between these blocks. Blocks at the algorithm and technique levels describe design choices, as do data blocks at the abstraction level, whereas task abstraction blocks and domain situation blocks are identified as the outcome of the designer's understanding of the requirements. In the nested blocks and guidelines model, there are two types of guidelines: within-level guidelines provide comparisons for blocks within the same level, while between-level guidelines provide mappings between adjacent levels of design. We analyze several recent articles using the nested blocks and guidelines model to provide concrete examples of how a researcher can use blocks and guidelines to describe and evaluate visualization research. We also discuss the nested blocks and guidelines model with respect to other design models to clarify its role in visualization design. Using the nested blocks and guidelines model, we pinpoint two implications for visualization evaluation. First, comparison of blocks at the domain level must occur implicitly downstream at the abstraction level; second, comparison between blocks must take into account both upstream assumptions and downstream requirements. Finally, we use the model to analyze two open problems: the need for mid-level task taxonomies to fill in the task blocks at the abstraction level and the need for more guidelines mapping between the algorithm and technique levels.
Introduction
Creating visualization tools and techniques is a design process. To guide and inform design, many different models have been proposed in many different design disciplines including visualization, [1] [2] [3] [4] software engineering, [5] [6] [7] [8] [9] [10] [11] [12] and design itself. [13] [14] [15] [16] [17] [18] In visualization, researchers have mainly focused on process models that describe stages with concrete actions a designer should engage in and architecture models that focus on the structure of a software system in terms of its components. An example of a process model is the nine-stage framework for visualization design studies that provides practical guidance for collaborative visualization projects; 3 an example of an architecture model is the venerable visualization pipeline model. attention to design decision models that allow for describing and capturing design decisions. Other designrelated communities have noted the importance of such models: these models help designers to better structure the often ill-defined design problem, support the exploration of different design alternatives, and allow understanding, discussion, and reasoning about a particular design. 11 In this article, we propose a new design decision model for visualization called the nested blocks and guidelines model (NBGM). This model is based on the nested model proposed by Munzner 19 in 2009, which provides a framework for thinking about the design and validation of visualization systems at four levels. The original nested model focuses on providing guidance in terms of choosing appropriate validation techniques at each level and stresses the negative and cascading implications of poor design decisions. It has provided guidance, motivation, framing, and ammunition for a broad range of visualization papers, including problem-driven design studies, [20] [21] [22] [23] [24] [25] technique-driven work, 26 evaluation, 27 ,28 models, 3, [29] [30] [31] [32] [33] [34] and systems. 35, 36 While we and others have used the nested model extensively as a way to guide decisions about evaluation and design, we have found that it falls short in capturing and describing design decisions at the level of detail needed for thorough analysis. To overcome this deficiency, we opt to leverage the popularity of the original nested model and propose the NBGM as an extension. The NBGM supports design and analysis at a finer grain by explicitly considering components within each of the four levels, as well as the relationships between them. This extension provides a direct mechanism for capturing the rationale behind visualization design decisions, thereby providing context for decision making.
The NBGM proposes blocks as a generic term for components that are the outcomes of the design process at each level. Concrete examples of blocks are: a network as a data abstraction block, a node-link diagram as a visual encoding technique block, and a specific force-directed layout approach such as GEM 37 as an algorithm block. We then define guidelines as statements about the relationships between blocks. Concrete examples of guidelines are that a node-link diagram is a good visual encoding of small graphs, or that one specific force-directed layout algorithm is faster than another.
The primary contribution of this article is the NBGM, presented in the section ''Adding blocks and guidelines.'' In the section ''Analysis examples,'' we provide several concrete examples of how a researcher can use the NBGM for analysis to describe and evaluate visualization research. The section ''Types of design models'' features a characterization of three types of design models that we identified through surveying related work across several fields and situates the NBGM within this characterization in order to clarify its role in visualization design. We also use the NBGM in a generative way to illuminate and discuss several open issues, which leads to two secondary contributions. First, we derive a set of implications for visualization evaluation in the section ''Implications for visualization evaluation,'' the necessity of abstraction blocks to compare domain level findings and the challenge of directly comparing blocks due to the inherent reliance on both upstream assumptions and downstream requirements are discussed. Second, in the section ''Knowledge gaps,'' we present an analysis of two open problems in our field using the NBGM: the need for more work and clarity at the abstraction level and the need to establish a more complete set of guidelines that map up from the algorithm level to the technique level. This analysis illustrates the descriptive capabilities of the NBGM for reasoning about visualization research challenges.
This study builds on contributions presented in a previous workshop article. 38 The major additions in this article are further definitions for blocks at each level of the model in the section ''Adding blocks and guidelines,'' an analysis of three articles from the IEEE InfoVis'12 conference proceedings using the NBGM in the section ''Analysis examples,'' and an examination of not only the existing work on design models but also the role of the NBGM within visualization design in the section ''Types of deign models''.
Adding blocks and guidelines
The original description of the nested model 19 breaks down the design and evaluation of a visualization project into four nested levels, as shown in Figure 1 . The highest level is the characterization of the domain of interest; the next level is the design of the data and task abstractions for that characterization; the third level is the design of the visual encoding and interaction techniques for those abstractions; and the lowest level is the design of the algorithms that implement those techniques programmatically. The focus of the original nested model is on the cascading implications of design decisions made at different levels, where the decisions made at one level become the assumptions at the next level. The arrows in Figure 1 represent these implications.
Although the four levels of this model are crucial for structuring how we reason about the design of visualization systems, we find that considering finer grained structure within each level leads to even more fruitful analysis. We thus propose the concepts of blocks and guidelines as an extension to the original model, illustrated in Figure 2 . In the rest of this section, we define blocks at each level of the model, give a definition for guidelines in terms of these blocks, and discuss how to use the NBGM.
Blocks
A block is the outcome of the design process at a specific level: an algorithm, a visual encoding and/or interaction technique, a data or task abstraction, or a specific domain situation. The term block allows us to refer to these different kinds of outcomes in a generic way at any level- Figure 2 shows these blocks as individual shapes at each level. Blocks exist at different granularities, leading to hierarchical relationships among blocks at the same level. For example, a treemap block at the technique level often includes the finer grained blocks of color and size encodings.
The increased specificity of finer grained blocks expands their generality. For example, the same color and size encoding blocks that compose the more complex treemap block can also be used in composing a bubble chart block. Fine-grain blocks often exhibit one-to-many relationships with their hierarchical superiors. Conversely, complex blocks that share a fine-grained block can be characterized as overlapping or intersecting.
We chose the term blocks as an allusion to the experience of playing with building blocks. When building something up, some blocks fit together nicely while others do not. When breaking something down, complex structures are decomposed into simpler pieces, with many different possible structures emerging from the same base set of individual blocks.
The visualization designer might decide to use an existing block or contribute a new one. The exact meaning of contribute depends on the level in the NBGM. At the lower levels, blocks are designed, that is, they are created, produced, or invented by the designer. Designed blocks are the outcomes of the designer's creativity. At the upper levels, however, blocks are identified. Here, blocks are the outcome of the designer's understanding of the requirements of users in a specific situation. In the rest of this section, we further refine the definition of blocks at each of the four levels of the NBGM. Domain level. Blocks at the domain level describe a specific situation, which encompasses a group of target users, their field of interest, their questions, and their measurements or data. One example of a situation block is a computational biologist working in the field of comparative genomics, using genomic sequence data to ask questions about the genetic source of adaptivity in a species. 39 Another example is members of the general public making medical decisions about their health care in the presence of uncertainty. 40 At this level, situation blocks are identified rather than designed because the outcome of the design process is an understanding that the designer reaches about the needs of the user. The methods typically used by designers to identify domain situation blocks are interviews, observations, or careful research about target users within a specific domain.
Many problem-driven visualization projects are aimed at target users working on a specific problem in a particular application domain, thus motivating the name of domain characterization for this level in the original nested model. Our term situation, however, emphasizes a broader and more nuanced scope, namely, that a specific set of users whose questions about data arise from their work within particular field of study is just one kind of situation block. This perspective aligns with the concept of holistic consideration from the design thinking literature, 13 a topic we discuss in more detail in the section ''Types of design models.'' Situations are a more general way to consider a group of people that is not directly tied to formal field of study.
As with all blocks, situation blocks exist at different granularities, organized in a hierarchical structure. Coarse-grained blocks at the top of a hierarchy might depict an entire problem domain such as bioinformatics or finance, within which might be subdomains such as sequence assembly or stock market analysis. Even these subdomains are usually insufficient for informing the visualization design process, necessitating the identification of more specific, fine-grained situations. For example, the MizBee design study 39 has a table of specific low-level questions asked by researchers in comparative genomics, such as ''What are the differences between individual nucleotides of feature pairs?'' and ''What is the density of coverage and where are the gaps across a chromosome?'' This situation block hierarchy imposes a natural set of conditions and constraints on the downstream design decisions. Thus, the greater the specificity of the situation block, the more useful it is for guiding the design and evaluation of blocks at lower levels of the NBGM. Abstraction level. The abstraction level consists of task blocks and data blocks. Examples are the tasks of finding outliers and trends; 41 the dataset types of tables, networks, and text; and the data attribute types of categorical, ordered, and quantitative. 42 Task blocks are identified by the designer as being suitable for a particular domain situation block, just as the situation blocks themselves are identified at the level above.
Data blocks, however, are designed. Selecting a data block is a creative design step rather than simply an act of identification. The designer often chooses to transform the original data from the form in which it was identified in the upstream situation into something different. Sometimes, however, the designer may decide to use the data in exactly the way that it was measured in the domain situation-we argue that applying the identity transformation is (and should be) an active design decision.
The study of Nielsen et al. 43 in designing the ABySS-Explorer visualization tool for genome sequence assemblies is an instructive example of a data transformation design. In this design study, the authors initially identified a graph structure for the measured data that came directly from the domain situation, where unique sequence strands are represented as nodes and overlapping strands as edges-this structure comes from the algorithms used by the domain experts to create sequence assemblies. Observing these experts, however, revealed that they often swapped the nodes and edges when reasoning about genome sequences. The visualization designers therefore decided to create a new data abstraction graph that also swapped the nodes and edges, which they then visualized using a node-link diagram. The authors present arguments for why the transformed data block is a better design choice than simply using the original data format. Analyzing this study according to the NBGM establishes these two design decisions-the two graphs-as different data abstraction blocks.
The NBGM helps us draw a sharp distinction between identifying task abstractions and designing data abstractions. We can now differentiate between a failure of misinterpretation by the designer in mapping a domain situation to an abstract task and a failure due to a poor design with respect to data abstraction choices. The interwoven nature of task identification and data abstraction design is further discussed in the section ''Untangling the abstraction level.'' Technique level. Technique blocks are designed, in that they are the outcomes of a decision by the designer about both visual encoding and interaction. While some technique blocks might solely focus on one or the other, many reflect an intrinsic combination of both visual encoding and interaction aspects. Thus, we do not distinguish visual encoding blocks from interaction blocks at this level in the way that we distinguish data and task blocks at the abstraction level above.
Consider, for instance, Wattenberg and Viégas' word tree 44 that combines a hierarchical tree representation of keywords-in-context with the interaction mechanisms of searching, hovering, and browsing through different key words. Complementary to word trees, other examples of technique-level blocks for visualizing text are phrase nets 45 and wordles. 46 Algorithm level. Algorithm blocks are also designed.
While the main focus of technique blocks is on the
what to draw on the screen, the focus of algorithm blocks is on the how to do so programmatically. Some examples of algorithm blocks for, say, direct volume rendering are ray casting, 47 splatting, 48 and texture mapping. 49 Algorithm blocks are often intrinsically connected to technique blocks. A force-directed layout algorithm such as GEM, 37 for instance, produces a specific node-link visual encoding. These inherent connections result in an inseparable stack of blocks, an idea we explore in more detail in the section ''Comparing stacks of blocks.''
Guidelines
A guideline is a statement about the relationships between blocks. Guidelines help designers make choices about which blocks are appropriate versus which blocks are a mismatch with their requirements. Within-level guidelines relate choices within a particular level, specifying things such as the fastest algorithm among several contenders. Between-level guidelines designate choices about how to move between levels, such as selecting which visual encoding technique to use for a particular data and task abstraction.
The arrows in Figure 2 represent guidelines that connect individual blocks, in contrast to the arrows in Figure 1 that represent dependencies and go between entire levels. For visual clarity, the NBGM's depiction orders the levels vertically rather than explicitly nesting them.
Within-level guidelines. Within-level guidelines are about choices made between blocks on one level; however, they often come with inherent upstream dependencies. These upstream dependencies become clear when considering that the NBGM inherits the original nested model's emphasis on dependencies between levels. For example, at the technique level, Tory et al. 50 propose the within level guideline that drawing simple points is a more effective visual encoding choice than drawing landscapes whose height encodes the density of the points. In their article, there is a clear statement about the dependency of the withinlevel guideline on an upstream decision made at the abstraction level: this guideline applies to dimensionally reduced data.
In some cases, however, it is safe to state a withinlevel guideline as having little or no dependency on upstream blocks. An example of such an unrestricted within-level guideline at the algorithm level is to choose the newer Voronoi treemap algorithm of Nocaj and Brandes 51 over the original algorithm of Balzer and Deussen 52 because it is independent of display resolution and faster to compute. This particular guideline is unlikely to depend on dataset characteristics. In many cases, though, within-level guidelines do have upstream dependencies that are not made explicit. Analysis with the NBGM is one way to shed some light on these unacknowledged dependencies.
Between-level guidelines. Movement from one level to another is guided by between-level guidelines. These guidelines map blocks at one level to those at an adjacent level. Figure 3 (a) shows a well-established guideline between hue colormaps and categorical data. 53 In the literature, the term characterization is sometimes used to describe moving upward from a lower to a higher level, and the term guideline for moving downward from higher to lower-we consider these concepts to simply be two sides of the same coin. The simple upward characterization ''hue-based colormaps are appropriate for categorical data'' can be trivially restated as the downward guideline ''if your data is categorical, then hue-based colormaps are appropriate.'' We propose guidelines as a more generic word to describe any stated relationship between blocks and show guidelines in all subsequent figures with bidirectional arrows. Moreover, we note that the term guideline is used extensively in the visualization literature without a clear definition. Here, we provide an explicit definition for guidelines in the context of visualization design decisions.
Guidelines and complexity. Although Figures 2 and 3(a) illustrate one-to-one pairwise guidelines for visual Figure 3 . (a) Example of a simple pairwise between-level guideline that can be inverted to go upward or downward and (b) guidelines can also be many-to-one or many-tomany; these more complex guidelines are not trivially invertible. The example shows a many-to-many betweenlevel guideline.
simplicity, these guidelines can be many to one or many to many. Most of these more complex guidelines are not trivially invertible, such as the between-level guidelines example shown in Figure 3 (b): matrix alignment is a block at the technique level that is suitable for multiple blocks at the abstraction level, both tables and networks. The technique level block of node-link diagrams, however, does not match up with the abstraction-level table block.
A particular visualization system can be decomposed into a stack of blocks, with one or a small set of blocks chosen at each of the different levels. Guidelines help a designer make these choices and also help an evaluator analyze whether a designer's choices are reasonable. Figure 4 illustrates this idea. Figure  4 (a) shows two simple visualization system designs, where different choices of blocks are made at each level. In keeping with the original nested model, the choice of blocks at a higher level constrains the suitable choices of blocks at the lower ones. Figure 4 (b) shows a more representative real-world example, where the domain problem is decomposed into multiple abstract subtasks, and thus, the full system includes multiple stacks of blocks.
Guidelines and evaluation. One goal of visualization evaluation is to provide actionability, which is guidance for a particular audience to take action based on research results. 54 Guidelines are one such form of actionability for visualization designers, resulting from validation in both technique-driven work and design studies.
Within-level guidelines often arise from validation efforts when proposing a new block is the main research contribution, at either the technique or algorithm design level. Between-level guidelines are often the result of validation in design studies, where the emphasis is on justifying choices from the set of existing blocks by showing that blocks match up properly with each other across levels. Guidelines that map between levels are thus a central concern in design studies, and most existing design study articles do indeed emphasize them.
Both kinds of guidelines may arise from evaluation articles. For example, Heer et al., 55 provide withinlevel guidelines on how to choose between horizon graphs and bar charts based on the available screen space. These guidelines are based on reflections from extensive empirical evaluation of different visual encoding techniques across a range of resolutions. In another evaluation article, Heer and Bostock 56 provide between-level guidelines on how to choose visual encoding techniques appropriate for different abstract data types, following in the footsteps of Cleveland and McGill. 57 These between-level guidelines are also based on empirical evaluation.
A paper might contribute a new block without explicitly contributing any guidelines about its use. The NBGM's emphasis on both blocks and guidelines suggests that this choice is a lost opportunity: even a preliminary set of guidelines establishing mappings to blocks at the levels above and below the contributed block would make the newly contributed block much more valuable.
In summary, guidelines encapsulate a relationship between two or more blocks, where within-level guidelines compare blocks within a single-level and between-level guidelines map blocks at adjacent levels. Without this extension to the model, we had difficulty in reasoning about the role of guidelines within visualization design; these terms allow us to express ideas about guidelines crisply.
Using the NBGM
We can use the NBGM in all three of the ways proposed by Beaudouin-Lafon to assess the power of a model: 58 it has descriptive power to describe a range of existing systems, evaluative power to assess multiple design alternatives, and generative power to help designers create new designs.
In the next section, we use the NBGM to describe and evaluate previously proposed systems. That is, we identify blocks and describe guidelines between the blocks as a form of post hoc analysis, even though the designers themselves did not explicitly consider their work in these terms. We find that being forced to consider the design outcomes at each level leads to a much richer analysis. For example, even though most article authors do articulate new guidelines as contributions, Figure 4 . Constructing visualization systems with blocks: (a) a designer stacks one or more blocks at each level, making choices based on guidelines; the two simple examples show that the choices at higher levels constrain the choices beneath and (b) a real-world visualization system is likely to include multiple stacks of blocks.
they do not necessarily state the upstream and downstream assumptions and dependencies of these guidelines. Because the NBGM requires an analyst to state the outcomes at each level as fine-grained blocks, the scope of guidelines is more clearly understood.
The NBGM model is also intended to be a generative model to help shape early design thinking. For example, an evaluator with the goal of contributing new guidelines might first analyze existing study in terms of current blocks, as describing blocks is a precondition for generating guidelines. In another example, a designer who sets out to create a new block might explicitly consider in advance how it should connect to existing blocks at levels above and below. On the other hand, a design study researcher might first create a visualization system for an identified problem without considering this model at all, then analyze the resulting system using the model descriptively to break the system down into blocks, and finally use the model generatively to create guidelines about the use of these blocks.
One of the motivations for developing the NBGM was to achieve more clarity when considering our own recent work, the nine-stage framework for conducting design studies. 3 The concerns of the nine-stage framework cross-cut those of the NBGM. While the NBGM (and the original nested model) focuses on the outcomes of decisions made by the designer, the nine-stage framework instead focuses on classifying the actions of a designer into separable stages. Figure 5 shows this framework, with the penultimate reflect stage highlighted. We claim that at this stage, a visualization researcher should reflect on how lessons learned in a particular project relate to the larger research area of visualization by confirming, refining, rejecting, or proposing new guidelines. Using the NBGM, we can now state that the reflection stage can and should involve both between-level and within-level guidelines. Through the elucidation of guidelines, the NBGM provides explicit mechanisms to more fully capture the rationale and knowledge associated with visualization design decisions in a way that was not supported before.
Analysis examples
In this section, we use the NBGM to analyze three papers from the IEEE InfoVis'12 conference proceedings. To give a broad view of the types of analysis the extension supports, we analyze one design study article, one technical article, and one evaluation article. We chose not to analyze examples of system or model articles because these article types are typically not focused on the sorts of design decisions characterized in the nested model.
We use the NBGM to reason about the contributed blocks and guidelines presented in the article. One central question we consider in this analysis is whether the researchers used existing blocks and guidelines or actively contribute them as new ideas. We find the suite of four verbs used in the nine-stage framework 3 -propose, refine, confirm, and reject-helpful for analyzing and discussing contributions in terms of the NBGM. In terms of blocks, a contribution is either proposing a new block or refining an existing one; the line of proposing and refining is admittedly fuzzy. Guidelines, on the other hand, characterize situations in which one block is better than another, or when a block appropriately maps to another one. The set of potential guideline contributions therefore not only includes the proposition or refinement of guidelines, but also the confirmation or rejection of existing guidelines. These analyses illustrate the formalisms afforded by the NBGM for capturing and elucidating visualization design decision rationale.
In the diagrams accompanying each article's analysis, we use solid lines to indicate a contribution and dashed lines to indicate the usage of an existing block Figure 5 . Nine-stage framework for conducting design studies. 3 The eighth stage is to reflect on lessons learned by confirming, refining, rejecting, or proposing guidelines. The NBGM clarifies the scope of this stage.
NBGM: nested blocks and guidelines model. or guideline. A stack of blocks from different levels is indicated with a gray background, and hierarchical blocks are shown using containment.
Design study: RelEx
Sedlmair et al. 59 present a design study focused on supporting automotive engineers tasked with specifying and optimizing traffic for in-car communication networks. The authors discuss the design and deployment of the RelEx visualization tool, with observations of its usage in the field providing anecdotal evidence of the speedup and simplification of engineer's daily practices. A major focus of their study is a characterization of the problem and questions at the domain level, the creation of appropriate data and task at the abstraction level, and a discussion of the differences between these abstractions and those previously proposed in other network visualization projects. Figure 6 shows the result of our breakdown of the RelEx paper contributions and discussion in terms of blocks and guidelines according to the NBGM. Only a subset of the blocks discussed in this article are covered in this analysis for brevity. This example shows that the stacks of blocks can be both broad and deep.
At the domain level, there is one situation block for the domain of automotive engineering and another for the subdomain of in-car network specification. This article includes an in-depth analysis of this subdomain in terms of current practices, challenges, and the needs of experts; these further details are indicated by the additional fine-grain situation boxes in the diagram.
Building on the problem analysis, this article provides a thorough justification and discussion of the abstraction choices for data and tasks. The abstract task of optimizing network traffic is indicated with a coarse-grained block, which is then refined into a more specific set of tasks. In terms of the underlying data, the authors characterize a coarse-grained block abstractly as an overlay network, that is, a logical network with a base network specified on top. The dense logical network is shown in the RelEx tool with a matrix representation, while the small and sparse base network is visually encoded as a node-link diagram. Both between-level decisions follow previously identified design guidelines by Ghoniem et al. 60 The article's contribution includes confirming the guidelines for matrix representations through a field study of the post-deployment use of the matrix display, shown with a solid line in Figure 6 .
This article includes a discussion of the relationship between the domains and abstractions proposed by the authors and those used in other visualization studies. On the right of Figure 6 , there are three blocks discussed extensively in previous studies. While it is not meaningful to directly compare the situation of automotive engineering on the left to that of social network analysis on the right, there are new within-level Figure 6 . NBGM analysis of RelEx design study subset. 59 NBGM: nested blocks and guidelines model. Continuous lines mark blocks and guidelines for which active contributions were made, and dashed outlines mean that existing blocks or guidelines were simply used. Nesting reflects hierarchical relations between blocks, and block stacks are enclosed in gray. Empty boxes indicate that further levels of detail are discussed in this article but are omitted here for brevity.
contributions that compare the proposed abstraction blocks on the left to those already existing at the abstraction level on the right.
Technique: rendering large graphs
Zinsmaier et al. 61 present a technique that proposes an image-space method for rendering large graphs interactively on the GPU. The method creates a summarized view of the graph by deriving a density estimation of the nodes that results in clusters and aggregating edges by maintaining inter-cluster edges only. Exploration of the graph is supported with pan and zoom interaction, where the amount of summarization of the graph is determined by the current view using a level-of-detail (LOD) approach. Figure 7 shows our breakdown of this work into blocks and guidelines according to the NBGM. This article is also an example where the contribution includes the proposal of new blocks, but at the technique and algorithm levels rather than the domain and abstraction levels.
At the bottom of Figure 7 , there are two algorithm blocks. One algorithm computes a density estimation of the nodes using an image-based GPU approach. The second algorithm is a straightforward method for aggregating edges using results from the density estimation of the nodes. These algorithm blocks map to a complex, hierarchical technique block that renders the graph as a form of a node-link diagram that makes use of the density estimation of the nodes and aggregated edges. This technique block includes previously proposed visual encoding and interaction sub-blocks for LOD viewing, the interaction mechanisms of pan and zoom, and a visual encoding of the density estimation of the nodes using transparency. The block also contains a new technique for careful rendering of transparent, overlapping edges. At the top of the diagram, there are two abstraction blocks that are described as upstream assumption in this article. The data abstraction block consists of large graphs, defined to be those that ''fit into video memory but cannot be rendered as a node-link diagram without significant overplotting.'' The task abstraction block is stated as the exploration of large graphs.
The proposed method is validated against several others that also render large graphs, establishing within-level guidelines. These guidelines compare the new stack of technique and algorithm blocks to those stacks in the MINGLE 62 and KDEEB 63 systems. All three of these methods have tightly woven technique and algorithm blocks, so comparison can only occur between entire stacks of blocks that encompass both levels, rather than individual blocks at each level.
Evaluation: effects on reasoning
In their evaluation article, Micallef et al. 40 present the results of two user studies on the effect of visualization on Bayesian reasoning, carried out through crowdsourcing. The goal of this study is to overcome the generalizability limitations of previous studies on this topic. Figure 8 shows our analysis of this article in terms of the NBGM. This study is a typical example of an evaluation article in which the goal is to compare different visual encoding technique blocks. For evaluation articles, it is crucial to state the problem characterization and abstraction explicitly. The problem addressed by Micallef et al. 40 is Bayesian reasoning, which has been well characterized in previous study as the task of judging probabilities, using probabilistic data that could be true/false or positive/negative. These abstraction blocks are shown as yellow blocks with a dashed outline, indicating that they are used rather than contributed. The authors describe two domains where this abstraction commonly occurs-medicine and law-to ground the abstraction in real-world problems. These situations are shown as orange domain blocks. The authors further characterize the problem, and thus their major goal, as a problem that is faced by the general public. Previous studies do not account for this target user group; thus, this article identifies the general public as a new situation block for this context.
The major contributions of this article, however, are the results of the two studies designed for this Figure 7 . NBGM analysis of a new LOD technique for rendering large graphs interactively on the GPU. 61 The proposed method is a stack of algorithm and technique blocks, where the technique block is a combination of both previously proposed and new blocks. The new method is compared to several other systems, establishing new within-level guidelines.
NBGM: nested blocks and guidelines model; LOD: level-of-detail.
situation, which reject an existing guideline and lead to the proposal of a new one. The authors conduct a first study that compares seven visual encoding blocks to each other. These blocks include Euler diagram representations, frequency grids, hybrid approaches, and purely textual problem descriptions, as shown in the diagram as green blocks. Although within-level guidelines already existed for these blocks, the authors wanted to confirm, refine, or reject these previously proposed guidelines for the general public. The authors could not replicate previously reported effects despite careful experimental design, and so they rejected the previous guidelines, going on to propose new ones based on their findings.
The findings of the first study also prompted the authors to design two technique blocks that combine textual descriptions and visualizations in novel ways by refining existing methods that do so. In a second study, they compare these two new blocks against a pure textual description and a standard combination of text and visualization. They were able to characterize situations in which one of the new blocks is superior to the others, leading to the proposal of new within-level guidelines.
Types of design models
By surveying design-related literature in software engineering, cognitive science, visualization, and design itself, we identified three common types of design models that are closely related to our goals: process models, architecture models, and design decision models. The NBGM is an example of this last category. These models capture knowledge about different aspects of design. In this section, we discuss and characterize each model type based on their intent in order to clarify the role of the NBGM within visualization design. Although we also investigated a thread of previous work on ''research through design'' that falls at the intersection of the human-computer interaction (HCI) and design literatures as a potential source of Figure 8 . NBGM analysis of a paper evaluating visualization for Bayesian reasoning. 40 In a first study, the authors evaluate seven previously proposed encoding technique blocks, four of which are explicitly shown in the diagram. In a second study, they refine two previously proposed blocks and compared them to two representative blocks from the first study.
NBGM: nested blocks and guidelines model.
ideas, [64] [65] [66] we determined that it did not directly address the concrete questions of design models that is our focus in this article.
Process models capture the how of design; they classify the actions of the designer according to a set of stages, offering practical guidance on the order and the transition criteria for progressing through those stages. Visualization-related process models like multidimensional in-depth long-term case studies 4 and the ninestage framework for conducting design studies 3 strive to minimize the time and energy of visualization researchers by providing practical guidance for designing and evaluating visualization systems. In software engineering, many more process models exist to help developers avoid costly late-stage, large-scale development changes. 6, 7, 12 Neither the NBGM nor the original nested model are process models because they do not characterize the how of visualization design. Instead, the NBGM strives to make explicit the design decisions and assumptions that process models tend to omit.
Another design model found in the visualization literature is the architecture model. Sometimes referred to as reference models, 1 these models provide contextindependent solutions to core classes of design problems encountered during the implementation of a software system. High-level examples of architecture models include the various iterations of the visualization pipeline.
1,10 Examples of lower level models are found in the literature on design patterns. A design pattern describes a demonstrated software solution to a common design problem that is customizable to many different contexts. 5, 8 Although design patterns are heavily used in the fields of computer architecture and software engineering, Heer and Agrawala 2 provide design patterns specifically for visualization. The NBGM does not fit into this class of design models as it does not address implementation issues.
Instead, we classify the NBGM as a decision model. Stemming from research on design rationale systems, 11 decision models aim to capture the rationale behind design decisions. 9 These models support the design process by relating the current design decision to the larger design space, providing the context for enabling more informed decisions by making design rationale transparent to others. We also classify the original nested model as a decision model, but it is a coarsegrained one. In the NBGM, the context surrounding any given visualization design decision is modeled by the set of blocks and guidelines comprising upstream assumptions and downstream implications, as well as by the known alternative design paths. In this way, the NBGM represents a knowledge-based framework for reasoning about and discussing individual design decisions. Blocks and guidelines provide an explicit mechanism to capture and reason about context and design rationale that the original nested model does not support.
We can describe the NBGM more abstractly as a model that contains nodes and links. In this framing, we encountered other models built on a similar concept; however, none deal with the contextualization of design decisions. Electronic-tool-integration platforms, 67 for example, abstractly model data transformation routines from different tools as nodes, while using edges to denote data type compatibility for inputs and outputs. The low-level tool-coordination tasks that such system supports are primarily concerned with implementation rather than design rationale. Similarly, the process models we encountered 3, 4, 6, 7, 12 are often modeled as a set of nodes representing distinct development stages and links representing recommended progressions between those stages.
It is tempting to view the NBGM as a cookbook for visualization design, where practitioners trace paths through the set of known blocks and guidelines. This viewpoint, however, breaks down because the field of design is never static; rather, it is continually innovating new solutions through the consideration of problems in the larger context of people, systems, materials, and environment. 13 The continual expansion of solutions stems from the open-ended nature of both the wicked 13, 15 and ill-structured 17 problems tackled by designers. Furthermore, these problems imply a lack of optimality in the visualization design space; the search for a solution always involves satisficing. 16, 18 Different underlying philosophies create subtle distinctions that can add significant complexity to the concept of a satisficing condition, 14, 16, 18 but the core idea is always the same: there is no best solution, only verification of whether a solution is sufficient or good enough. We do not claim that the notion of visualization design entailing satisficing is new; for example, the same argument appears in previous work on design study methodology. 3 The contribution of the NBGM is that it assists the visualization designer in making satisficing decisions through the formalization of context.
Discussion
The combination of the NBGM and our analysis examples has led us to identify implications for visualization evaluation. The NBGM also supports an explicit analysis of several visualization research challenges. Our discussion of these issues is a secondary contribution of this study.
Implications for visualization evaluation
Analyzing articles with the NBGM in the section ''Analysis examples'' leads to a set of implications for visualization evaluation. We believe that these implications are important for guiding evaluation endeavors, and that they are difficult to express without the NBGM.
Following the original nested model, 19 we continue to use the term evaluation in a very broad sense. We consider evaluation that is both quantitative and qualitative, both formative and summative, and done at every level of the model, from domain characterization through to algorithm comparison.
Comparing domains via abstractions. Analyzing the similarities and differences between visualization systems targeted to different domains is a key step to providing generalizable solutions. Figure 2 , however, does not include arrows between blocks at the domain level. By definition, domain situation blocks tackle different fields, different problems, and different data. Attempting to directly compare between them is not helpful as the only useful statement to make is that they differ.
The original nested model articulates the idea that the abstraction level is the correct place to do such comparisons. The NBGM emphasizes this point further by describing mappings between domain situation blocks and data and task abstraction blocks. When the same abstraction block maps to multiple situation blocks, then a common solution is feasible, but when two situations map to different abstractions the NBGM provides a useful way to distinguish between them. A key feature of the NBGM is a formalism to describe visualization design rationale.
The analysis of the RelEx design study in the section ''Design study: RelEx'' is an example of this principle. It is relatively clear that the situation of engineers developing in-car networks is different than sociologists studying how children interact with each other in an elementary school classroom. The situation of film critics analyzing how acting styles spread across genres also differ from that of the sociologists; yet, previous study argues that the same abstraction-level blocks are suitable for both of the latter examples, and many other situations as well. As illustrated in the RelEx analysis a useful way to confirm domain similarities and differences is at the abstraction level, when the authors identified and designed new data and task blocks that were indeed different than those used before.
We stress the importance of rich data and task abstractions for creating effective and generalizable visualization systems. The goal of establishing a complete set of task and data abstraction blocks to which the much larger set of possible domain situations could be mapped is the long-term grand challenge of applied visualization research. Although a succession of calls for work along these lines has been made by advocates of problem-driven work for well over a decade, 3, 68 the NBGM allows a more precise and thus more actionable statement of how to make progress toward this goal.
Comparing stacks of blocks. The goal of many evaluations found in visualization research articles is the establishment of within-level guidelines: that is, to illustrate that a new or previously proposed block is superior to others at that level. These within-level guidelines are important for characterizing how and when a visualization designer should choose one block over another at a specific level of design. Within-level guidelines focusing on blocks at a particular level, however, most often intrinsically rely on both upstream assumptions made at the levels above and on downstream decisions made at the levels below. Thus, within-level guidelines must be understood as existing within the context of a stack of blocks, not in a vacuum consisting only of the blocks in a particular level.
To help others understand when certain withinguidelines hold, and when they do not, it is imperative to be clear about upstream assumptions as they can critically influence the results of a study. The Bayesian reasoning study analyzed in the section ''Evaluation: effects on reasoning'' rejects previous guidelines that are not specific about upstream assumptions by showing that they do not hold in a stack with a situation block for the general public. The running time of an algorithm might be heavily influenced by the choices made for data blocks at the abstraction level; changing the scale or type of datasets tested might even reverse results. The NBGM's emphasis that blocks occur within the context of a specific stack helps emphasize the importance of the upstream assumptions and downstream decisions.
Establishing within-level guidelines also has an inherent dependency on downstream blocks, at least in some cases. For example, comparing two different data abstractions for a specific problem necessitates choosing a visual encoding in order to evaluate the effectiveness of the abstractions. Similarly, evaluating an interaction technique block often requires one or more algorithm blocks to sufficiently test it. The original nested model emphasizes these dependencies in its discussion of evaluation methods.
Thus, although in some cases, blocks may be compared within one level; in other cases, choices across levels are so interwoven that a more reasonable choice is to compare between stacks of blocks. These comparisons still give rise to the equivalent of within-level guidelines, but for a stack that spans multiple levels. 
Knowledge gaps
Extending the nested model with the concepts of blocks and guidelines clarifies why certain parts of the design process are particularly difficult by affording an explicit description of gaps in our visualization knowledge. These gaps present rich opportunities for future study.
Untangling the abstraction level. Considering the four levels in terms of their constituent blocks uncovers a dearth of identified blocks at the abstraction level. We have many blocks for visual encodings and interaction techniques, and perhaps even more blocks at the algorithm level, but we have far fewer established blocks for data and task abstractions. Without blocks, we cannot have guidelines; blocks at both levels are a precondition for guidelines that map between them. We believe that this lack of both blocks and between-level guidelines at least partially accounts for the difficulty of going from a domain characterization to an abstraction when conducting a design study.
In particular, our knowledge of tasks is deeply incomplete. The well-cited study of Amar et al. 41 describes a taxonomy of low-level tasks such as retrieve value, filter, and sort and was intended to provide a foundation for the development of richer task taxonomies at higher levels. Amar and Stasko 69 also presented a taxonomy of very high-level tasks such as expose uncertainty, formulate cause/effect, and confirm hypothesis. However, we lack task blocks at the middle level. There is a pressing need to propose and validate mid-level task taxonomies that bridge the gap between finding the minimum value of an attribute and confirming or refuting a hypothesis. The very recent study from Brehmer and Munzner 70 is a first step. The abstraction level itself might also benefit from more study. The NBGM already introduces the distinction between designed data and identified task abstraction blocks, as discussed in the ''Abstraction level'' section. In our own experience, the process of designing data and identifying task blocks is interwoven because of a cycle where progress with one leads to further progress with the other. Identified input data from a domain situation typically allow the designer to identify an initial task abstraction, which informs the design decision of how to transform the data-but using the new derived data often allows the task abstraction to be further refined, and the cycle continues. This interplay between task identification and data derivation may illustrate the need for further refinement of the NBGM at the abstraction level, to better support analysis of how datasets are transformed and derived.
From algorithms to techniques. Establishing guidelines from algorithms up to techniques is sometimes straightforward, but other times remarkably subtle. In many cases, the literature does not concisely describe the result of a specific algorithm in terms of a visual encoding technique. For example, different algorithms in the general family of force-directed network layout can give rise to quite different visual encodings in terms of the spatial proximity of classes of nodes to each other. Very few authors explicitly discuss these characteristics; Noack 71 is a notable exception. Fully characterizing the mappings up from specific algorithms to the visual encodings that they produce remains an important open problem. Until this goal is attained, problem-driven visualization designers will have a difficult time making wise decisions about which algorithms to use.
Limitations and future study
The NBGM is a companion to visualization process models, such as the nine-stage framework for conducting design studies. These models provide much needed guidance and framing for reasoning about, and capturing, knowledge about visualization design. As the visualization community embraces problem-driven research, there is a need for more formalization of what this means in terms of process, decisions, knowledge, and contributions. The NBGM is a step in this direction, but with limitations: the concepts of blocks and guidelines as described here may not encompass all the complexities inherent in visualization design; further taxonomies at all levels of the NBGM may point to new or refined levels of design decisions; further validation of the NBGM through field work could refine aspects of the NBGM or lead to the development of new design decision models. While we have already found the concepts in the NBGM to be useful mechanisms in our own research, we see these potential limitations as avenues for rich, future research about visualization design.
Conclusion
We present an extension of the four-level nested model, the nested blocks, and guidelines model. The NBGM identifies blocks within each level that are specific outcomes of the design process, allowing us to define guidelines expressing relationships between blocks either within a single level or between two adjacent levels. In this article, we use the NBGM as a framework for analyzing visualization research contributions, leading us to several implications for visualization evaluation, as well providing a new framing for open gaps in knowledge.
The NBGM supports a more detailed description of each level of design found in the original nested model, especially the domain and abstraction levels. At the domain level, we identify situation blocks that encompass a field of study, target users, and their questions and measurements. Situation blocks are significantly different from blocks on the other levels, as they are identified rather than designed. The abstraction level is a hybrid of both identified task blocks and designed data blocks. We also differentiate between blocks that are contributed versus blocks that are simply used. We see our clarifications of the domain and abstraction levels as a first step toward a better understanding of the entire visualization design problem as outlined by the original nested model.
The NBGM also allows us to derive two implications for visualization evaluation. First, abstraction blocks are an imperative device for comparing different domain problems. Comparing domains via the abstraction level leads to interesting and actionable insights for visualization researchers and leads to a broader, more general understanding of the problems data analysts face. Second, evaluators need to carefully characterize upstream assumptions, as well as necessary downstream decisions, when creating within-level guidelineschanging these stacks of blocks can have drastic results on guideline anaylsis. Being aware of these assumptions and requirements helps in carefully accounting for these effects as a confounding variable in a study.
Finally, we use the NBGM to analyze two gaps: the need for further study and clarification at the abstraction level and the need for a more complete set of guidelines between techniques and algorithms. We are not the first to identify these gaps, but this NBGMbased analysis allows us to more clearly articulate what avenues of future study might most benefit our research community.
